High-efficient catalytic reduction of 4-nitrophenol based on reusable Ag nanoparticles/graphene-loading loofah sponge hybrid 1 . Introduction 4-NP is a pollutant often existing in industrial and agricultural wastewaters and can damage the central nervous system, liver, kidney, and blood of humans and animals. Because of these issues, it is necessary to remove it from these polluted waters in order to meet increasingly stringent environmental quality standards. Usually, 4-NP is difficult to degrade due to its high stability and low solubility in water. At present, the reduction of 4-NP to 4-aminophenol (4-AP) is the best method for removing the toxic 4-NP [1] . Nevertheless, the reduction is only possible in the presence of catalysts which are often noble metallic nanoparticles (NPs), such as Pt [2, 3] , Pd [4, 5] , Au [6] [7] [8] , and Ag [9] [10] [11] due to their excellent photoelectric properties. However, the agglomeration of noble metallic NPs during the catalytic reaction is inevitable, which leads to a reduction in activity. Traditionally, appropriate stabilizers such as surfactants and functional molecules were applied to overcome this defect. This treatment would cause a loss of catalytic activity due to the passivated surface-active sites of noble metallic NPs. Recently, much effort has been devoted to developing hybrid catalysts by immobilizing metal NPs onto various support materials, such as carbon nanotubes [12] , graphene [13] , C 3 N 4 [14] , Fe 3 O 4 [15] , TiO 2 [15] [16] [17] [18] , cellulose nanocrystal [19, 20] , and polymers [21] , which is considered as an effective way to avoid agglomeration and improve catalytic activity. Compared to other support materials, graphene or reduced graphene oxide (RGO) is a promising new 2D support material due to its high surface area and excellent electrical properties. Reports studying metal NPs/graphene nanocatalysts have been emerging in the past few years. Unfortunately, like other nanocatalyst hybrids of metal NPs/support material, metal NPs/graphene nanocomposites have the characteristic of being difficult to be rapidly recycled. When there is a lot of reaction solution, the highly-dispersed nanocatalysts are hard to separate totally from the system through the commonly used methods, such as magnetic adsorption and fine filtration. Therefore, it is also important to immobilize the nanocatalyst hybrids onto a macroscopic support.
Loofah sponge (LS) is a natural and non-toxic lignocellulosic material, which mainly consists of cellulose, hemicellulose, and lignin [22] . As a farm crop product, LS is low-cost with high productivity. LS possesses both natural macroporous and microporous structure, which makes it has large surface area. LS has excellent mechanical properties and is characterized by good acid and alkali resistance [23] . In addition, LS is of satisfactory biocompatibility and biodegradation, so it will cause no pollution to the environment after being abandoned. At present, LS has been widely used for cleaning tools, wastewater treatment [24] , and as a carrier for immobilizing microorganisms and animal cells [25, 26] , fix-bed reactor [27] , and energy storage materials [28] , etc. Its more beneficial applications need to be developed.
In this research, we report a facile and effective one-step reduction method to prepare a novel Ag NPs/graphene (RGO)-loading LS (Ag NPs/RGO-LS) hybrid. The as-prepared Ag NPs/RGO-LS has exhibited a high efficiency and a high reusability in the catalytic reduction of 4-NP. The agglomeration and low recovery rate problems of Ag NPs are completely resolved by this hybrid.
Experimental section

Pretreatment of LSs
The natural LSs were cut into 4 cm×4 cm×0.8 cm pieces and pretreated with 5% sodium hydroxide solution for 48 h in the presence of a proper amount of ethanol. Then, the treated LSs were washed with distilled water to a neutral PH before being dried in an oven at 60°C.
Preparation of RGO-LS hybrid
GO was prepared by the modified Hummer's method. Then, the treated LS was fully immersed in 2 mg ml −1 GO under the condition of ultrasound. Then, the sample was dried at 60°C. NaBH 4 (0.1 g) was dissolved in 30 ml deionized water and heated to 80°C. The sample was added to the above solution for 30 min. Then, RGO-LS was obtained after washing and drying.
Preparation of Ag NPs-LS hybrid
1 ml AgNO 3 solution (0.1 M) was added to 20 ml deionized water. Then, the treated LS was fully immersed in the above solution under the condition of ultrasound. Then, the sample was dried at 60°C. NaBH 4 (0.1 g) was dissolved in 30 ml deionized water and heated to 80°C. The sample was added to the NaBH 4 solution for 30 min Ag NPs-LS was obtained after washing and drying. ). Then, treated LS was immersed in the above solution under the condition of ultrasound and dried at 60°C to form Ag + /GO-LS. NaBH 4 (0.1 g) was dissolved in 30 ml deionized water and heated to 80°C. Ag + /GO-LS was added to the NaBH 4 solution for 30 min Ag NPs/RGO-LS was obtained after washing and drying. In addition, the amount of AgNO 3 had an important effect on the morphology of the hybrid. In order to obtain the best parameters, 0.2 ml, and 2 ml AgNO 3 solution was added to the same GO solution. With the same method, Ag 0.2 NPs/RGO-LS (0.2 ml AgNO 3 solution, Ag
) and Ag 2 NPs/RGO-LS (2 ml AgNO 3 solution, Ag
)) were prepared.
Reduction of 4-nitrophenol catalyzed by Ag NPs/RGO-LS hybrid
4-NP (2 ml, 0.05 mM) was mixed with iced NaBH 4 (1 ml, 0.1 M) in a beaker. The catalyst of Ag NPs/RGO-LS hybrid (76 mg) was added to the mixed solution. The Ag NPs/RGO-LS was removed from the solution after 30 s. Then, the remaining mixed solution was transferred to a quartz cuvette for UV-vis measurement. After that, the solution was transferred back to the beaker and the blocky catalyst was added to the solution again for sequential reaction for the next 30 s. This process continued until the peak at 400 nm disappears. When the reaction finished, the sample was washed and dried for other 4 cycle tests. The rate constants (K ) were determined by measuring the change in absorbance at 400 nm (A) as a function of time (t). The same weight of LS, RGO-LS, Ag NPs-LS, Ag 0.2 NPs/RGO-LS and Ag 2 NPs/RGO-LS hybrid were also measured as a control. All experiments were done at room temperature (25°C).
Characterizations and measurement
Scanning electron microscopy (SEM) and energy dispersive x-ray spectroscopy (EDX) measurements were performed on an FEI Quanta 200 scanning microscope with 10 KV acceleration voltage. X-ray diffraction (XRD) spectra were obtained using a D8-Discover x-ray diffractometer (Bruker, Germany) by scanning at angles of 2θ=20°-80°. Fourier transform infrared spectroscopy (FTIR) analysis of the composite was performed using FTIR spectrophotometer (KBr as the reference sample). The Raman spectra were obtained with a 633 nm excitation. UV-vis spectra were measured by UV-2450 (Japan) spectrophotometer in the range of 200-500 nm.
Results and discussion
Scheme 1 shows the picture of untreated LS, alkaline treated LS, and Ag NPs/RGO-LS hybrid and illustrates the mechanism for the preparation of Ag NPs/RGO-LS, which are formed in three steps. The detailed processes are in the experimental section. Figure 1 shows the UV-vis spectra of GO and AgNO 3 /GO dispersion. The adsorption spectrum of GO exhibits two characteristic peaks. The peak at 230 nm and a shoulder peak at about 290-300 nm correspond to the π→π * transition of C-C and n→π * transition of the C=O bonds, respectively [29, 30] . However, the two characteristic peaks of GO disappeared in the AgNO 3 /GO dispersion, which may be attributed to GO nanosheets were loaded with Ag ions via electrostatic interaction [31] .
Figures 2(a) and (b) presents the SEM pictures of Ag NPs/RGO-LS hybrid and alkaline treated LS. From figure 2(c), it can be seen that the three-dimensional structure of LS is naturally formed from a random matting of fibers with different morphologies and diameters. Those loofah fibers are of rich internal porous structure, which can be seen from the cross-section of a loofah fiber (figure 2(h)). Figures 2(c) and (d) show the surface of treated LS at high magnification. There are many grooves on the surface, which results in the large surface area of treated LS [32] . Figure S1 is available online at stacks.iop.org/NANO/29/315702/ mmedia compares the morphologies of treated LS with untreated LS. The untreated fibers show a homogeneous aspect and an outer lignin-rich layer around the fibers (figures S1(c) and (d)). Alkaline treated fibers show an irregular surface, due to the removal of surface materials, including lignin and hemicellulose (figures S1(a) and (b)). The removal of lignin and hemicellulose produces many irregularly distributed canals on the surface of the loofah fibers, which expose the internal structure and increase the surface area of LS. high magnifications. It can be observed that the Ag NPs are homogeneously distributed on the surface and the internal micropores of fibers. Figure 2 (k) displays the EDX spectrum of Ag NPs/RGO-LS, which shows the presence of the elements: C, O and Ag and indicates that there are no other impurity elements. Based on the distribution of the elements in the inset table of figure 2(k), the weight percentage and the atomic percentage of Ag NPs are calculated to be 24.7% and 3.83%, respectively. The particle size distribution is shown in figure 2(l) and the mean diameter of Ag NPs is 13.6 nm. Figure 3 illustrates the distribution of Ag NPs and RGO on the treated LS. From the front view, Ag NPs and RGO were distributed on the outer surface of fibers. From the sectional view of a fiber of Ag NPs/RGO-LS, many Ag NPs and RGO nanosheets spread in the internal micropores close to outside surface and two opened ends of the fiber. Ag NPs and RGO almost do not exist in the innermost micropores, where the Ag + /GO solution was not easy to get into. In order to prove that the Ag + /GO solution could not reach the innermost micropores. The picture of the sectional view Ag NPs/RGO-LS is added in the supporting information. As shown in figure S2 , the color of the innermost micropores (the original color of LS) is obviously different from the color of the surface (the color of RGO). When the Ag + /GO is reduced, where there is it, there will be black.
The XRD patterns of treated LS, GO, RGO, RGO-LSP and Ag NPs/RGO-LS hybrid are shown in figure 4 . The characteristic peaks of treated LS were observed at 22.5°and 34.1°. There are no obvious peaks for the GO at 20°-80° [33] . The pure RGO is obtained through hydrothermal reduction method. By comparison, a broad diffraction peak for RGO appeared at 2θ=26.5°, which is attributed to the (002) reflection of graphitic carbon [34, 35] . However, the diffraction peaks for RGO from RGO-LS and Ag NPs/RGO-LS are shifted to 29.1°and 28°, respectively. According to the Bragg equation: 2dsinθ=nλ, the (002) basal spacing of pure RGO, RGO RGO-LS , and RGO Ag NPs/RGO-LS is 0.336 nm, 0.307 nm, and 0.333 nm, respectively. The different basal spacing of RGO may be attributed the following reasons: (1) the basal spacing of RGO RGO-LS is smaller than others, which is due to the agglomeration of RGO sheets in the reduction process. The strong reductive quality of NaBH 4 at 80°C causes the function groups on GO decrease rapidly. Then, the RGO sheets are inclined to aggregate driven by van der Waals force. (2) The basal spacing of RGO Ag NPs/RGO-LS is larger than RGO RGO-LS is ascribed to the existence of Ag NPs. Before the reduction process, larger amounts of Ag + are selfassembled on the GO sheets. When the Ag + and GO are reduced together, the Ag NPs generated on the surface of RGO can prevent the aggregation of RGO sheets. In addition, the Ag NPs/RGO-LS presents one more diffraction peak at 38.5°than RGO-LS, indicating the (111) planes of the facecentered cubic Ag. The FTIR spectra in figure 5 are used to investigate the chemical structure of untreated LS, treated LS, GO, RGO, RGO-LS, and Ag NPs/RGO-LS. For the untreated LS and treated LS, as the main components of the fibers are cellulosebased materials, the observed FTIR spectra can be attributed mainly to these components [36, 37] . In the spectra of untreated LS, the absorption peak at ∼3400 cm −1 may be due to the presence of -OH group on the surface of LS ( figure 5(a) ). The peak at ∼2870 cm −1 is typical deformation vibration of C-H. The C=O vibrational mode is confirmed by the absorption peak at ∼1735 cm . The band in the ∼1635 cm −1 may be assigned to the deformation of water molecules. It can be seen that peaks of the untreated LS are evidently different from the treated LS in 500-1500 cm −1 , which could be attributed to the removal of the lignin and hemicellulose by alkali treatment [38] . Upon the alkali treatment, peaks from O-H, C-H, and H-O-H are increased. The NaOH treated fibers do not show the strong adsorption at ∼1735 cm −1 (C=O), which is similar to what was found in Sydenstricker's study [39] . In addition, the treated fibers show three new peaks. In detail, the symmetric and anti-symmetric stretching vibrations of C-O-C (from the cellulose and hemicellulose) is confirmed at the peak of ∼1162 cm −1 . In the region of ∼1058 cm −1 , the C-OR stretching vibrations are from the cellulose. The peak at ∼897 cm −1 may be due to β-glucosidic linkage and C-O stretching vibrations. The above results are confirmed again that some lignin has been removed and more cellulose and hemicellulose are exposed through alkali treatment. In the spectra of GO, the band at ∼3413 cm −1 corresponding to O-H anti-symmetric bending vibration indicates the presence of -OH groups ( figure 5(b) ).
The absorption peak at ∼1726 cm −1 is attributed to C=O vibrational mode showing the presence of -COOH groups. The peak at ∼1625 cm −1 is due to an unoxidized graphitic region. The C-OH vibrational mode is confirmed by the absorption peak at ∼1380 cm −1 . The peaks at ∼1204 cm For the C=O bond peak, RGO gives almost negligible trances, which is attributed to the disappearance of -COOH groups on the GO. In addition, the appearance of double peaks at ∼2935 cm −1 and ∼2860 cm −1 (symmetric and antisymmetric stretching vibrations of -CH 2 group, respectively) suggests a restoration of the carbon basal plane in RGO. The above results indicate that the GO is reduced by sodium borohydride. For the FTIR spectra of RGO-LS and Ag NPs/ RGO-LS, there is little difference between them ( figure 5(c) ). Their spectra are mainly from the treated LS (red circle) and RGO (green diamond). The broad peaks at 3300-500 cm
may be due to the presence of the hydroxyl group from both LS and RGO. Raman spectroscopy can be used to gain structural information on the materials. In the Raman spectra of LS, two strong broad bands were observed at 495 cm −1 and 2750 cm −1 , which disappeared in the spectra of RGO-LS and Ag NPs/RGO-LS (figure 6). The result indicates that the surface of LS has been covered. In addition, in the spectra of RGO-LS and Ag NPs/RGO-LS, two strong peaks at 1350 cm −1 and 1580 cm −1 , which are attributed to the characteristic D (breathing mode sp 2 carbon) and G (graphitic, sp 2 bonded carbon) bands of carbon materials [42] . In general, the D/G intensity ratio (I D /I G ) reflects the defect density in carbon materials [43] . The I D /I G is 1.18 and 1.04 for RGO-LS and Ag NPs/RGO-LS, respectively. The decreased I D /I G in Ag NPs/RGO-LS may be due to the Ag NPs decrease the defects in the process of reduction, which is consistent with the XRD results. The catalytic reduction of 4-NP to 4-AP in the presence of NaBH 4 is often used to evaluate the catalytic performance of catalysts. The reaction process is monitored by an UV-vis spectrometer. As shown in figure 7 , the 4-NP solution exhibits strong adsorption peaks at 317 nm [44] . There is a red shift of 4-NP from 317 to 400 nm after the addition of freshly prepared aqueous NaBH 4 solution. It was due to the formation of 4-nitrophenolate ions caused by the addition of NaBH 4 [45] . The peaks at 300 nm reflect the 4-AP. When the 4-NP is converted to the 4-AP, the process of hydrogenation is finished. In addition, the reaction formula shows that the conversion of 4-NP to 4-AP is attributed to the substitution of O element by H element. Generally, in the absence of an appropriate catalyst, the thermodynamically favorable reduction of 4-NP is not observed even a couple of days (standard reduction potential: 4-NP/4-AP=−0.76 V; H 3 BO 3 /BH 4 -= −1.33 V). With the addition of the Ag NPs/RGO-LS (76 mg, including the weight of LS) catalyst, however, peaks at 400 nm decrease remarkably and peaks at 300 nm gradually increase, which suggests this catalyst displays high catalytic activity. The reaction process lasts for 100 s and the color of the solution changes from bright yellow to transparent, as shown in the inset of figure 8(a) . In the reaction medium, the concentration of NaBH 4 is very high which remains essentially constant during the course of the reaction. Hence, since the NaBH 4 concentration is much higher than that of 4-NP, the rate of reduction is independent of the concentration of NaBH 4 , and the reaction could be considered pseudo-first-order with the respect to the concentration of 4-NP [46, 47] . The UV-vis absorbance of 4-NP at 400 nm (A) is proportional to its concentration in solution and the adsorption detail is present in figure 8(a) . Furthermore, the rate constants (K ) were determined through measuring the change in absorbance as a function of time (t): the absorbance at time t(A t ) and time t=0(A 0 ) are equivalent to the concentration at time t(C t ) and time t=0(C 0 ). The rate constant (K ) could be determined from the linear correlation of −ln(C t /C 0 ) versus time [48] . The kinetic equation for the reduction could be written as follows: the rate constant K is calculated to be 1.893 min
, which is compared with other catalysts in table 1.
In order to understand why the Ag NPs/RGO-LS show high catalytic activity, LS, RGO-LS, and Ag NPs-LS were measured as a control. Figure S3 shows the SEM images and catalytic curves of RGO-LS and Ag NPs-LS. Figure S4 presents the comparison of rate constants between different catalysts, which indicated that pure LS and RGO-LS almost do not work as catalysts for the 4-NP reduction reaction. The Ag NPs-LS has higher catalytic activity than LS and RGO-LS, because of the existence of a little amount of Ag NPs ( figure S3(e) ). Therefore, the high activity of Ag NPs/RGO-LS hybrid is due to the synergistic effect of each component. In detail: (1) a larger amount of uncoated and uniform Ag NPs can have their active sites fully exposed, providing a number of places for reactions to occur. (2) RGO has good conductivity and stability, which acts as a conducting medium and speeds up the electron transfer of the reduction reaction.
In addition, the amount of AgNO 3 has an important effect on the morphology of the hybrid. In order to obtain the best parameters, Ag 0.2 NPs/RGO-LS and Ag 2 NPs/RGO-LS hybrids were also measured as a control. Figure S5 shows the SEM images of Ag 0.2 NPs/RGO-LS and Ag 2 NPs/RGO-LS hybrids and their catalytic curves. Figure S6 presents the comparison of rate constants between different catalysts prepared by different amounts of AgNO 3 . The low rate constant of Ag 0.2 NPs/RGO-LS hybrid was attributed to the little amount of Ag NPs in Ag 0.2 NPs/RGO-LS hybrid, see figure  S5 (b). When the amount of AgNO 3 solution was increased to 2 ml, Ag NPs in the Ag 2 NPs/RGO-LS hybrid had a serious agglomeration ( figure S5(f) ), which eventually led to a low rate constant. In order to illustrate the effect of particle size, three bar charts of size distribution are compared. The difference of Ag 0.2 NPs and Ag NPs in particle size is very small (the average diameter of Ag 0.2 NPs and Ag NPs are 14.6 nm and 13.6 nm, respectively). Therefore, for the Ag 0.2 NPs/ RGO-LS and Ag NPs/RGO-LS, the effect of particle size on catalytic effect is very small. The main reason for the low catalytic property of Ag 0.2 NPs/RGO-LS is the fewer particles per unit area than Ag NPs/RGO-LS. However, the average size of Ag 2 NPs is 17.3 nm ( figure S5(g) ). In addition, the particle size of Ag 2 NPs shows an uneven distribution. The proportion of particles that smaller than 10 nm is small and the particles that larger than 30 nm also hold a certain percentage. As a result, the Ag 2 NPs/RGO-LS show a bad catalytic property. As a consequence, when the amount of AgNO 3 solution was 1 ml, the as-prepared Ag NPs/RGO-LS hybrid had the best catalytic ability.
Furthermore, to explore the reusability of the Ag NPs/ RGO-LS catalyst, the catalyst was washed thoroughly with distilled water and used for the next four cycle of the reduction reaction. The reduction reaction was controlled within 6 min. As shown in figure 9 , a slight decline in the conversion (<3.5%) after 5 cycles and the average conversion was 98%. The above results indicated the good stability of the Ag NPs/RGO-LS catalyst in aqueous solution. The threedimensional Ag NPs/RGO-LS catalyst has the characteristic of rapid recovery. As shown in figure S7 , the catalyst can be easily separated from the system after the catalytic reaction.
The mechanism of catalytic reduction for 4-NP by Ag NPs/RGO-LS hybrid is shown in figure 10 . The hydrogenation occurs in the presence of Ag NPs/RGO-LS. In addition, the LS and RGO-LS almost do not work as catalysts for the 4-NP reduction reaction. Only when the Ag NPs exist can the reaction be done normally. Also, the Ag NPs are not the reactant. Therefore, the catalytic reduction occurs on the surface of Ag NPs. The detailed information of hydrogenation mechanism happened on the surface of metal NPs are proposed on the basis of the relevant literature [49] [50] [51] . The catalytic reduction process mainly consists of two parts: (1) the BH 4 -and 4-NP adsorb on Ag NPs on the RGO-LS. Then, the electron transfer and atomic exchange produce between BH 4 -and 4-NP, with a new material of 4-AP generating; (2) then, the 4-AP incessantly separate from the surface of Ag NPs and the active sites of Ag NPs expose again. During the reaction, Ag NPs play a key role in providing many reaction sites for adsorption and reducing the kinetic energy barrier of the reduction. As a result, the Ag NPs/RGO-LS hybrid showed good catalysis for the 4-NP to 4-AP. Last but not least, the Ag NPs/RGO-LS hybrid also shows good catalytic degradation for methylene blue and rhodamine B. The videos about the process of degradation have been added in supporting information. The figure 11 shows that the Ag NPs/RGO-LS hybrid has great potential in the application of wastewater treatment from industry, life, and laboratory. We hope this recyclable catalyst can actually be used to purify these large amounts of sewage containing not only 4-NP (phenol pollutants) but also methylene blue and rhodamine B (dye pollutants).
Conclusion
In summary, the novel hybrid of Ag NPs/RGO-LS has been prepared by a facile and effective one-step reduction method. The as-prepared Ag NPs/RGO-LS has exhibited a high efficiency and a high reusability in the catalytic reduction of 4-NP. The agglomeration and low recovery rate problems of Ag NPs are completely resolved by this hybrid. The mechanisms for high-efficient catalytic activity have been discussed. The results have paved the way for the wide applications of Ag NPs and the strategy developed here can easily be adapted to other metal NPs-support systems for high-efficient and reusable catalysts etc.
